This paper proposes an efficient and systematic design approach for tightly coupled dipole array (TCDA) designs. In this approach, the radiator structure and feeding structure are designed and optimized based on their equivalent circuit models (ECM) respectively. A novel ECM is proposed to accurately describe the impedance characteristics of the radiator structure with dual-diamond dipoles. The proposed ECM of the radiator structure keeps its accuracy for variable design parameters. The ECM of the proposed feeding structure is also developed to analyze its impedance characteristics. As compared with conventional brute-force optimizations based on full-wave simulations, the two ECMs make it easy and efficient to design wideband TCDAs. A dual-polarized TCDA is designed with the proposed approach to illustrate the efficiency of the approach. The resultant TCDA operates in a wide frequency band of 0.87-10.14 GHz with VSWR≤2 for broadside radiation. Meanwhile, the VSWR value under all conditions (broadside, ±60 • scanning in E-and H-planes) remains ≤3 over the frequency band of 0.8-9 GHz. A 10 × 10 prototype is fabricated to demonstrate the design.
Performance of wideband phased arrays is always restrained by the contradictory demands for low profile height, ultrawide bandwidth, and large scanning ranges. In traditional wideband array designs [1] , standalone wideband antenna elements should be designed first and mutual coupling should be suppressed in further antenna array development to ensure the bandwidth of the antenna array. The performance of conventional wideband phased array is thus difficult to improve.
Recently, tightly coupled dipole arrays (TCDA) attract growing interests in antenna and propagation community. The most recent work has demonstrated that TCDA is able to achieve 9:1 bandwidth with a wide scanning range of ± 60 • [2] . Similar to connected arrays [3] , TCDA [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] is another practical engineering realizations of Wheeler's theoretical current sheet array concept [1] , [16] . In contrast with conventional wideband phased arrays, TCDAs deliberately introduce strong mutual couplings between adjacent antenna elements to extend the bandwidth, rather than The associate editor coordinating the review of this manuscript and approving it for publication was Kai-Da Xu . suppress the mutual couplings. Specifically, the antenna elements in TCDA are capacitively coupled with each other through overlapped dipole arms, while the antenna elements of connected arrays are directly connected with each other. Actually, capacitive mutual coupling between antenna elements is first introduced in current sheet arrays (CSA) to compensate the inductance from the ground plane [17] . Planar ultrawideband modular antenna (PUMA) [18] [19] [20] [21] and TCDAs are then proposed to further improve the bandwidth and scanning range of CSA. One of the difficulties in TCDA design is that the performance of an antenna array heavily depends on parameter optimization based on full-wave simulation [10] [11] [12] [13] [14] [15] . In practice, the parameter optimization is quite time consuming and has become a major obstacle in TCDA design.
To clearly illustrate the proposed approach, we discuss the TCDA design in terms of its radiator structure and feeding structure designs respectively. As shown in Fig. 1 , the radiator structure is composed of a superstrate, an antenna plane, a dielectric substrate, a resistive sheet, and a ground plane. The feeding structure consists of a twin slot line and a stripline. Dipole antenna element is the main part VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. The half unit cell of the TCDA. It consists of a radiator structure and a feeding structure.
of the radiator structure of TCDA, thus the first step in TCDA development is to determine the shape of the dipoles. Because of the low-profile height and low cross polarization performance, horizontal bowtie dipoles are widely adopted in TCDA developments [4] [5] [6] [7] . In dual-polarized TCDA designs, the two orthogonal polarized bowtie dipoles [5] [6] [7] are usually printed on the two surfaces of a dielectric substrate. Due to the closely spaced antenna elements in TCDAs, such kind of dual-polarized bowtie dipole configuration causes many difficulties in the soldering of feeding structure with the dipole terminals [7] . Alternatively, the PUMA [18] only consists of irregular dipoles over the top surface of dielectric substrate. It indeed facilitates the soldering of dual-polarized antenna array in the assemble stage. However, the equivalent circuit model (ECM) of the irregular dipoles has not been developed in previous research [17] , [7] [8] [9] . It is well known that brute-force optimizations based on full-wave simulations is quite time consuming and usually lack of physical insights. Therefore, the ECM for radiator structure with irregular dipoles is highly demanded. A simple ECM is presented in [17] for the first time to give a physical interpretation of the tightly coupled antenna array. The ECM is then further elaborated to improve its accuracy in characterizing scanning arrays [8] . However, it is time consuming and tedious to extract the equivalent inductance of dipoles when the physical dimensions of the dipoles changes. Thereafter, another improved ECM is proposed in [9] to model the radiator structure with interdigital capacitive couplings [9] and parallel plate capacitive couplings [7] . Furthermore, a mapping relationship between lumped element values and physical dimensions is also developed to speed up the optimization design [9] , [7] . However, the ECMs in [7] and [9] are only available for typical dipoles with simple shapes. Alternatively, the ECM is constructed based on Green's function for analyzing the connected arrays [22] and TCDA [23] accurately. Moreover, the size of the rectangular dipole and gap is regarded as variable parameter in the ECM. Nevertheless, the ECMs in [22] and [23] are still only available for standard dipoles. Therefore, it is necessary to develop ECMs for radiator structures with irregular shaped dipoles for achieving high design efficiency and good radiation performances.
In [7] , a dual-polarized TCDA working over UHF-X band has been designed. In this paper, we propose an efficient and systematic design approach for TCDA designs. The efficiency and effectiveness of proposed approach is then demonstrated in a new TCDA design. The contributions of the work are summarized as follows, 1) A novel dual-diamond dipole element suitable for dual-polarization and further assembling is proposed. 2) An ECM for analyzing TCDAs' radiator structures with dual-diamond dipoles is developed. The proposed ECM keeps its good accuracy even when the design parameters of the radiator structures are changing. 3) A compact and wideband feeding structure is proposed to excite the radiator structures of the TCDA. The design for the feeding structure is also based on the ECM that we have developed in this work.
The rest of the paper is organized as follows. Section II gives the design procedure for the radiator structure and the novel feeding structure. Section III presents a TCDA designed with the proposed approach. Section IV experimentally validates the performance of the 10 × 10 dual-polarized TCDA prototype. Conclusions are presented in the Section V.
II. THE PROPOSED DESIGN APPROACH AND ECMS A. RADIATOR STRUCTURE AND ITS ECM
As was stated previously, the shape of the dipoles has to be determined first in TCDA design. Different from the bowtie dipole, the shape of the end of the proposed dual-diamond dipole is a triangle rather than a rectangle. As shown in Fig. 2 (a), the two arms of the dual-diamond dipoles are in diamond shape. Here, the dual-diamond dipole is embedded over the antenna plane of the dual-polarized TCDA. In addition, the dual-polarized antenna element spacing along the E-plane and H-plane is d E and d H , respectively. As shown in Fig. 2 (a), the antenna plane consists of the dual-diamond dipole and rectangular patches printed on the two surfaces of the dielectric substrate. Moreover, the rectangular patch printed on the bottom surface of the antenna plane overlaps with the dual-diamond dipole arm to form capacitive mutual coupling. As can be seen in Fig. 2(a) , the cross point of the two orthogonal polarized dipoles occurs at the dipole end, rather than at the feed. Thus, the triangular shape of the dipole end makes it possible to print the two polarized dipoles on the top surface of the dielectric substrate. Instead, the previous research using standard dipole applies a different dipole configuration for the dual-polarized TCDA. For example, the dipole configuration is that the two polarized dipoles are printed on the two surfaces of the dielectric substrate [5]- [7] in Fig. 2(b) . In contrast, it needs to be soldered on both of the two surfaces. Thus, the proposed dual-diamond dipoles will relatively facilitate the feeding point soldering in practical assembling. Next, the size of the dipoles has to be marked by the variable name for the ECM optimization. Fig. 3 shows the configuration of the antenna plane with its dimensions. It consists of three dielectric sheets, and the middle layer (ε rp , d pp ) is introduced to glue the three dielectric sheets. The relative permittivity and thickness of the top dielectric sheet and the bottom dielectric sheet are (ε r2 , d sub1 ), and (ε r3 , d sub2 ), respectively. Besides, these parameters are the optimization variables in the ECM. In Fig. 3(b) , the dual-diamond dipole and rectangular patches are printed on the upper (Layer 1) and lower (Layer 2) surfaces of the top dielectric sheets, respectively. As can be seen in Fig. 3(b) , there is a geometric relationship between the dimensions of the dipole and patches. For example, b 1 = 2(a 3 + w 1 ) is used to keep the dual-polarized configuration in Fig. 2 (a) physically realizable. Moreover, a 1 + a 2 + a 3 + d 1 + w 1 = d E /4 is used to keep the dipole inside the domain of the TCDA period. Then, the TCDA period is a constant value less than half wavelength of the highest frequency in the ECM (d E = d H < λ H /2). Instead, the dipole size (a 1 , a 2 , w 1 , d 1 ) are the optimization variables in the ECM. The other design parameters (a 3 and b 1 ) can be derived by the geometric relationship. In summary, the dipole's optimization variables in the ECM are ε r2 , d sub1 , ε r3 , d sub2 , a 1 , a 2 , w 1 , and d 1 . After that, the ECM for analyzing the radiator structure with this kind of dipole has to be developed for efficient optimization design. The conventional ECM [8] , [9] does not work out, because it is difficult to find the mapping relationship between the physical dimensions of the proposed dual-diamond dipoles and the lumped element values in circuit model. Fig. 4 gives the conceptual model and the proposed ECM of the radiator structure. As can be seen in Fig. 4(a) , each component of the radiator structure could be represented by a parameterized block. Instead of finding the mapping relationship, we directly introduce the three-port S-matrix of the antenna plane into the ECM. The S-Matrix is exported from full-wave simulation through solely simulating the antenna plane with periodic boundary as shown in Fig. 4(b) . Then, all of these component blocks can be represented by the circuit components in the ECM. The relative permittivity and thickness of the dielectric superstrate, dielectric substrate 1 and dielectric substrate 2 are (ε rsup , h sup ), (ε rsub1 , h sub1 ), and (ε rsub2 , h sub2 ), respectively. These parameters are the optimization variables in the ECM. In addition, the square impedance (R s ) of the resistive sheet is also included as an optimization variable in the ECM. The resistive sheet [4] and dielectric superstrate are used for extending the impedance bandwidth and wide-angle impedance matching (WAIM) [24] , [25] respectively. In addition, all the dielectric slabs can be represented by transmission lines (TLs) [26] , and the characteristic impedance (Z d ) and electric length (θ d ) relate with the physical parameters (h d and ε rd ) through the following formula,
where the subscript d can be replaced with subscript sup, sub1, and sub2 to respectively represent the superstrate, dielectric substrate1 and dielectric substrate2. η ≈ 377 is VOLUME 8, 2020 the characteristic impedance of free space, and k 0 is the free space wave-number. Then, the resistive sheet is represented by the parallel resistance R resis = R s . The Z l1 and Z l2 in the ECM are defined as the input impedance looking from the dielectric superstrate TL (Z sup , θ sup ) and dielectric substrate 2 TL (Z sub2 , θ sub2 ) along the blue dotted lines shown in Fig. 4(b) , respectively. They can be calculated from following equation,
where the shunt impedance Z // is given as:
As it can be seen in the antenna plane model in Fig. 4(b) , the three-port network consists of Floquet Port 1 on the top surface of the air box, Floquet Port 2 on the bottom surface of the air box, and the lumped port for the excitation of the dipole. Finally, the input impedance of the radiator structure is the input impedance of the lumped port in the three-port network when the Floquet Port 1 and Floquet Port 2 are terminated with Z l1 and Z l2 respectively. In addition, the input impedance of the lumped port can be easily obtained from the approaches in [33] .
To illustrate the accuracy of the proposed ECM in terms of many important design parameters, we perform a parameter analysis and compare the resultant VSWR and input impedance with those from full-wave simulations. One part of these design parameters is from the size of dipole. Firstly, we respectively tune the values of the dipole's design parameters a 2 = (0.6mm, 1mm, 1.4mm) and d sub1 = (5mil, 10mil, 20mil), meanwhile values of other parameters are fixed (ε r2 = 10.2, ε r3 = 2.2, d sub2 = 5mil, a 1 = 0.4mm,
. Then, the left panel of Fig. 5 shows the VSWR of the periodic TCDA unit cell obtained from ECM and full-wave simulations for different values of design parameters a 2 and d sub1 . As it can be seen, the ECM results in accurate VSWR prediction as compared with full-wave simulation results. After that, the accuracy of the proposed ECM is illustrated through checking the accuracy of the input impedance (real and imaginary) for the design parameters a 2 = 1mm, and d sub1 = 10mil. The comparison results are presented in the right panel of Fig. 5 , and it further shows the accuracy of the proposed ECM. Another part of these design parameters is from the resistive sheet and the dielectric sheet. Similarly, we respectively tune the values of these sheets' design parameters R s = (50 Ohms/square, 200 Ohms/square, 800 Ohms/square), h sub1 = (12mm, 14mm, 16mm), and h sup = (4mm, 6mm, 8mm), meanwhile values of other parameters are fixed (ε r2 = 10. 
. Then, the left panel of Fig. 6 shows the VSWR obtained from ECM and full-wave simulations for different values of design parameters R s , h sub1 , and h sup . The right panel of Fig. 6 gives the input impedance (real and imaginary) for the design parameters R s = 200 Ohms/square, h sub1 = 14mm, and h sup = 6mm. It again shows the accuracy of the proposed ECM. Therefore, it is reliable to adopt the proposed ECM for efficient optimization of the radiator structure for achieving wide bandwidth.
B. FEEDING STRUCTURE AND ITS ECM
Once the radiator stucture has been designed, the feeding structure has to be designed to excite the radiator structure. Similar to the approach introduced in [27] , [28] , we also analyze the proposed feeding structure using an ECM based on the S-parameters of a two-port network. Fig. 7(a) gives the proposed feeding structure consisting of two kinds of transimission lines, i.e., twin slot line and stripline. The ECM of the feeding structure is shown in Fig. 7(b) . Firstly, the twin slot line depicted in Fig. 7(a) can be viewed as two slot lines respectively etched on the two surfaces of a multilayered dielectric sheet. Ground plane of the stripline is printed on the two sides of the multilayered dielectric sheet, and the trace of the stripline is printed on the bottom surface of the top dielectric slab. As it can be seen from Fig. 7(a) , the left two PEC strips of the twin slot line connect to the trace of the stripline through a via, and the right two PEC strips are directly connected to the ground plane of the stripline. Moreover, the first segment of the stripline's trace is bent 90 • to allow the stripline sitting in the middle of the half unit cell. In addition, the twin slot line also privides the function of transforming the two terminals of the dipole to stripline transimisson line. To analyze the properties of the twin slot line, the characteristic impedance (Z slot ) and the relative permittivity (ε rslot ) of the twin slot line are calculated using the S-parameters extracted from the two-port network of the twin slot lines,
where the operators phase(·), real(·) and imag(·) represent the phase, real part, and imaginary part of the terms in the bracket, respectively. The symbol c is the speed of light, and l is the length of the twin slot line. The symbols A and B are the elements in the transmission matrix of the two-port network [28] . Then, the characteristic impedance (Z slot ) and relative permittivity (ε rslot ) of the twin slot line is calculated and shown in Fig. 8 . As it can be seen, the Z slot and ε rslot does not keep constant over the frequency band. The calculated characteristic impedance is then substituted in the ECM of the feeding structure. Finally, the input impedance (Z in1 ) looking from the twin slot line at the plane shown in Fig. 7(b) is given by,
where Z r is the input impedance of the radiator structure. The electrical length (θ slot ) of the twin slot line can be calculated by θ slot = (2πl 3 freq √ ε rslot )/c. Fig. 9 compares the input impedance Z in1 calculated from full-wave simulation and ECM simulation. The little discrepancy between the full wave simulation and ECM can be seen at high frequency. It is because that the coupling between the twin slot line and the radiator structure grows up with the increase of frequency. On the other hand, the agreement between ECM results and full-wave simulation results are still acceptable to evaluate the performance of the radiator structure excited by the twin slot line.
III. DUAL-POLARIZED TCDA DEVELOPMENTS A. TCDA DESIGN WITH ECM
According to the radiator design approach in Section II-A, the period of the TCDA unit cell is first determined to avoid grating lobe (d E = d H = 14mm). Then we change the values of the dipole's optimization variables, and export the three-port S-matrix of the antenna plane into the ECM. Thus, the S-matrices of the dipole's variables having different value range are already saved in the ECM before optimization. Once S-matrices of the antenna plane have been saved, an ECM was developed using the method in Section II-A for the analysis and optimization of the radiator structure. Fig. 10(a) gives the half unit cell model of the optimized radiator structure. The dielectric substrate 1 and dielectric substrate 2 are air in this design for light weight. Thus, the relative permittivity of them is fixed at ε r0 = 1 in optimization (ε rsub1 = ε rsub2 = ε r0 ). Moreover, the port impedance of the radiator structure is set to 100 for impedance matching. In this design, the design variables ε r2 , d sub1 , a 1 , a 2 , w 1 , d 1 , h sup , h sub1 , h sub2 , R s , and ε rsup are optimized by integrating the ECM in a genetic algorithm for objective function evaluation. The optimization procedure is quite efficient as it does not need full-wave simulations. The goal of the optimization is to design a TCDA operating in the frequency band of 0.8-10 GHz with VSWR < 2. Table 1 presents the optimized design variables, and Fig. 10(b) shows the optimized VSWR. It is observed that the optimized design covers the 0.9-11 GHz band with VSWR < 2. In addition, full-wave simulation to the optimized radiator structure is also performed and the VSWR is compared with the ECM results. It again demonstrates the accuracy of the proposed ECM.
Based on the design method and the proposed ECM of the feeding structure in Section II-B, the feeding structure is then designed to excite the optimized radiator structure. Fig. 11(a) shows the half unit cell of the radiator structure with the proposed feeding structure. The twin slot line and strapline in the Fig. 11(a) have a characteristic impedance around 100 . The dimensions w 2 and w 3 of the 100 stripline can be obtained from the empirical formulas given in [29] . As it can be seen from the cross section of the stripline shown in Fig. 11(b) , it consists of a top dielectric sheet (ε r3 , d sub3 ), a bottom dielectric sheet (ε r3 , d sub3 ), and a layer (ε rp , d pp ) for adhesive purpose. Meanwhile, a 100 twin slot line has to be designed for the feeding structure design. Because the dimensions of the multilayered dielectric sheets have been determined in the stripline design, we only need to optimize the design variables w 4 and w 5 for achieving a 100 twin slot line. As can be seen in Fig. 12 , the Z slot increases when w 5 increases and w 4 decreases. It is also observed that we can choose w 4 = 0.2mm and w 5 = 1mm for a 100 twin slot line design.
Once all of the dimensions of the feeding structure are determined, a shorting pin shown in Fig. 11(a) is implemented in the feeding structure to eliminate the common mode resonance in an ultra-wide frequency band. The detailed technique about the common-mode mitigation is provided in [19] . Then, the VSWR of the model with and without shorting pin is given in Fig. 13 . As it can be seen, the common mode resonance (red line curve) is indeed caused by the unbalanced feeding and has been successfully eliminated by the shorting pin (blue line VSWR curve). The VSWR corresponding to the input impedance Z in2 looking from the stripline in Fig. 7 (b) could be calculated from the ECM and is also presented in Fig. 13 for comparison. In the ECM calculation, the characteristic parameters of the stripline are Z strip = 100.5 and ε rstrip = 2.455. Moreover, the length of the stripline is l 1 = 36.9 mm. It is shown that a large difference between ECM and full-wave simulation appears at around 10 GHz. This is caused by the common mode resonance. Because the proposed feeding structure is an unbalanced feed, the net vertical current distribution couples into a resonance that results in a short circuit in the input impedance of the elements [19] . Although, the lumped elements in the proposed ECM of the feeding structure can't illustrate the common mode resonance. The common mode resonance can finally be mitigated by loading shorting pin to basically maintain the ECM's impedance matching performance. In short, the proposed feeding structure and the corresponding ECM based optimization technique could guarantee excellent impedance matching performance over an ultra-wide frequency band. Therefore, the proposed feeding structure is a promising design for ultra-wideband TCDA excitations. Fig. 14 presents the finalized dual-polarized TCDA. As it can be seen, a via fence is implemented along the stripline to improve the isolation between the two orthogonal polarizations. The two 100 striplines are transformed to two 100 microstrip lines (MSL) through vias and are then parallelly combined to form a single 50 microstrip line. Fig. 15(a) shows the details of the transformation from the stripline to MSL. The gap distance d 5 is critical to the transmission property of the transformation structure. The S-parameters for different d 5 values are shown in Fig. 15(b) to investigate the effect of d 5 . The S 12 remains constant as d 5 varies, but the S 11 achieves minimum value among 0.4-12 GHz frequency band for d 5 = 1.2mm. Therefore, d 5 is selected to be 1.2 mm for the finalized TCDA model. It is also noted that the trace and the ground plane of the MSL are printed on the top and bottom surface of the multilayered dielectric sheets, respectively. It shares the same multilayered dielectric sheet with the twin slot line and the stripline for easy fabrication and assembling. An isolation resistor R 1 is soldered between the two 100 MSLs to ensure the scanning performance in the E-plane. Moreover, a 50 coaxial cable is also introduced to model the practical SMP connector.
B. SIMULATED PERFORMANCE OF THE INFINITE TCDA
The simulated VSWR of the infinite TCDA (TCDA unit cell with periodic boundary) is presented in Fig. 16 . As it can be seen, the broadside VSWR is below 2.0 over the frequency band of 0.87-10.14 GHz. In addition, the TCDA achieves ±60 • scanning range (VSWR ≤ 3) in the E-plane and H-plane over the frequency band of 0.79-11.76 GHz and 0.73-9.06 GHz, respectively. The relative narrow scanning bandwidth of 60 • scanning in the H-plane is caused by a scanning blindness around 10 GHz. The thick superstrate (ε rsup = 2.17, h rsup = 8mm) supports surface waves at certain scan angle resulting in scanning blindness [30] . Thus, the superstrate component in the ECM optimization of the radiator structure can be removed if the scanning bandwidth is too narrow to be used in practice. The polarization isolation is shown in Fig. 17 . As it can be seen, the S 12 is below −20 dB for a scanning angle up to 60 • in the E-and H-planes. The S 12 in the diagonal plane (D-plane) arises to around −15 dB for 60 • scanning. In addition, we define the cross polarization level of the infinite array as the difference G cross − G co between the co-polarization realized gain G co and cross polarization realized gain G cross . As it can be observed from Fig. 18 , the cross polarization level of the TCDA is less than −20 dB when scanning up to 60 • in Fig. 19 shows the TCDA in different assembling stages. As shown in Fig. 19(a) and (b), the first step is to solder the SMP connectors to the two orthogonal feeding structures for dual-polarizations. The two orthogonal feeding structures are then inserted with each other through the slits on the ground plane and the resistive sheet. The resistive sheet is realized by FIGURE 19 . The assembling process for the 10×10 prototype.
an indium-tin oxide (ITO) glass glued on a dielectric substrate (Rogers 5880, 20mil). The ITO glasses are connected with the metallic strips of the feeding structures by conductive silver paste (CSP) to obtain desired impedance matching performance for TCDA. Secondly, as shown in Fig. 19(c) , the feeding structures are installed over the ground plane of the TCDA. Thirdly, the antenna plane layer is placed over the appropriate position over the feeding structures for soldering. Finally, the superstrate is placed above the antenna plane and then fixed together with the whole structure by the nylon screw. The finalized TCDA prototype with superstrate removed is shown in Fig. 19(d) .
B. THE ACTIVE VSWR MEASUREMENT
In order to validate the simulated VSWR of the infinite TCDA, the active VSWR of the center element is investigated. The active reflection coefficient of the center element is calculated through the complex superposition of the center element's S 11 and the S 12 between center element and other antenna elements in the array [31] . The scanning angle and antenna element locations have been considered in the active reflection coefficient calculation. The active reflection coefficient is then converted to active VSWR for clear comparison. Fig. 20 shows the measured active VSWR in different scanning conditions. As compared with the simulated VSWR shown in Fig. 16 , the agreement between simulated and measured VSWR is reasonable. The slight discrepancy is mainly caused by the difference between the CSP in the fabricated model and the ideal resistive sheet in the simulation model. The fabrication error and the assemble error also contributes to the discrepancy. 
C. MEASURED RADIATION PATTERNS
The measured radiation pattern of the 10 × 10 TCDA is obtained by combining each element's measured unit-excitation active element pattern (UEAEP) [32] . The scanning angle and antenna element locations were also considered in the post-processing based on each UEAEP. Fig. 21 shows measured realized gain of the 10 × 10 TCDA. Simulated realized gain is also presented in Fig. 21 for comparison. The measured results well demonstrate the effectiveness of the TCDA designs. The measured crosspolarization level is also below −20 dB. In addition, the ideal gain of the antenna array calculated from 4πS/λ 2 is also shown in Fig. 21 , where S is the radiation aperture of the 10 ×10 TCDA array. Moreover, the mismatched gain (4πS(1 − | | 2 )/λ 2 ) considering the reflection coefficient ( ) at each port is also presented in Fig. 21 . As it can be seen, the mismatched gain agrees well with the ideal gain. It indicates that the gain loss caused by the impedance mismatch is very low. Fig. 22 shows the scanning radiation pattern of the 10 × 10 prototype at typical frequencies in the E-and H-planes, VOLUME 8, 2020 respectively. The little ripples in some of the radiation patterns are caused by the measurement errors. As it was shown in Fig. 22 , the radiation beam of the TCDA is able to steer to a desired angle precisely across a wide frequency band in a scanning range of ±60 • in the E-and H-planes. In addition, the side lobe level is less than −10 dB and the cross-polarization level keeps below −20dB under all scanning conditions.
V. CONCLUSION
This paper presents a novel approach for the efficient design of TCDA. ECMs for radiation structures and feeding structures are developed for efficient and accurate optimization design. Parametric analysis is performed to show the accuracy of the ECM for different design variables. In addition, as compared with conventional dipoles in TCDAs, the proposed dual-diamond dipole makes it much easier in antenna array assembling. A novel feeding structure is also developed to ensure stable impedance matching across an ultra-wide frequency band. The TCDA developed in this work covers the frequency band of 0.87-10.14 GHz for broadside radiation. It also achieves a scanning range of ±60 • in the E-and H-planes. A 10 × 10 prototype is fabricated and measured to validate the design. 
